Aortic input impedance, representing the effective resistance to oscillatory flow offered by the systemic vascular bed, has been measured in dogs before and during the administration of halothane, and during the infusion of phenylephrine and trimetaphan. Simultaneously, estimates of pulsatile and steady energy losses were obtained. Halothane administration had no consistent effects on aortic input impedance, but significantly reduced peak aortic power and left ventricular external (systolic) stroke work. Phenylephrine markedly increased the mean term of aortic input impedance, but had little effect on the impedance to oscillatory flow. Trimetaphan markedly decreased the mean term of aortic input impedance, but caused a moderate increase in the impedance to oscillatory flow associated with a consistent increase in the ratio of pulsatile to total work. The low values of pulsatile work by comparison with the steady and total work of the left ventricle, together with the flat pattern of aortic input impedance are in accordance with the concept that the left ventricle is effectively "decoupled" from its load resistance imposed by the systemic vascular bed, thus minimizing the work done in maintaining pulsatile flow. Within the limits of the methods used to evaluate aortic input impedance and pulsatile energy losses in the aorta, we conclude that neither the inductive nor the capacitative characteristics of the aorta and peripheral vascular bed could play a significant role in the haemodynamic responses to halothane anaesthesia.
Systemic vascular resistance, relating the mean physical properties of the vessels and the rheological pressure drop across the systemic vascular bed to properties of the blood flowing through them remain the mean blood flow through it, has proved a useful constant, then the impedance to oscillatory flow concept in the study of the systemic circulation. This should be independent of the amplitude of the apconcept, however, fails to take into account the pul-plied pressure pulse (Bergel and Milnor, 1965) . satile nature of blood flow in the aorta and major Despite the existence of non-linear terms in the arteries. McDonald (1960) , Caro and McDonald equations for blood flow proposed by Womersley (1961) , Patel, De Freitas and Fry (1963) and Bergel (1955) and McDonald (1960) , it is generally agreed and Milnor (1965) have introduced the concept of that if these non-linearities were significant, then it vascular hydraulic impedance to describe the ratio would not be possible to reconstitute a flow or presof oscillatory pressure to oscillatory flow, in both the systemic and pulmonary circulations. Hydraulic B -J-GERSH,* M.B., CH.B., D.PHH..; C. PRYS-ROBERTS, M.A., impedance is of value in studying both the J^i.Si "£*£*&£.£ STS^-SSI mechanical properties of the arterial bed, and the The Nuffidd Department of Anaesthetics, University of nature of the hydraulic load presented to each Oxford, The Cardiac Deparment, The Raddiffe Infir-. . __ J .. , _T . . mary, Oxford, and Th: Department of Engineering ventricle. The application of Fourier series ana-Science, University of Oxford. lysis to this relationship of oscillatory pressure Present addresses: and flow requires that the system under considerad on is linear, and that the period of the pulsatile Q^SSTSOA "ricT'' QnM ^ """"* function is constant. Linearity implies that, pro-._, r^j -i ^J-u i. r» . T <= ... , ,. . , , . , j . tDepartment o f Cardiology, Edinburgh Royal Infirviding the dimensions of the vascular bed, the m^ Edinburgh sure waveform from the components produced by Fourier analysis, since each harmonic would generate others. Nevertheless, that it is possible to reconstitute such waveforms with a high degree of accuracy and reproducibility is in itself sufficient justification for the assumption that within the accuracy of the measurements, the systemic vascular bed behaves as a linear system (Noble, et al., 1967) .
The external work of the left ventricle is the time integral of the energy imparted to the blood leaving the ventricle, and may be determined from measured values of pressure, velocity and flow in the aorta. It is usual to consider this external work as being the sum of that due to pressure flow work and that due to kinetic work, the latter being dependent on blood velocity in the ascending aorta.
An alternative method of considering this external work is to regard it as the sum of the "steady work": that due to the maintenance of mean flow and mean pressure, and "pulsatile work": that due to the maintenance of the oscillatory components of both pressure and flow (Milnor, Bergel and Bargainer, 1966; O'Rourke, 1967) . While the steady work refers to die useful or mechanically advantageous work with respect to the function of the ventricle as a pump, the pulsatile component represents the energy dissipated in the vascular bed due to die oscillatory nature of blood flow. The ratio of the pulsatile work to die total work (pulsatile + steady work) refleas the efficiency widi which the vascular system accepts the pulsatile flow from the heart, and the most important parameter which affects the pulsatile load of the ventricle is the aortic input impedance. Taylor (1964) presented the concept that the function of the impedance characteristics of the aorta was to "decouple" the heart from the arteriolar bed, and thus to minimi7,e the pulsatile work load presented to the ventricle.
In this paper, we describe measurements of aortic input impedance, and die energy composition of blood flowing in the canine aorta during die administration of halothane, and during the infusion of trimetaphan and phenylephrine.
METHODS
Experiments were performed on mongrel dogs weighing between 12 and 30 kg, the preparation of which has been previously described . Each animal was bilaterally sympathectomized and vagotomized, and heart rate was maintained constant by atrial pacing. Measurements were made on 10 occasions in 9 dogs before and during the administration of 1 per cent halothane in oxygen enriched air (Fio 2 =0.4) under artificial ventilation, and with arterial Pco, maintained at close to 40 mm Hg. Measurements were also made during widespread arteriolar dilatation produced by infusion of trimetaphan (5-20 mg) on four occasions in two dogs, and during widespread arteriolar constriction induced by intra-arterial infusion of phenylephrine on six occasions in three dogs. Care was taken to ensure that the tip of die pressure cadieter was located at the same site as that of die implanted flow transducer, in order to avoid errors due to phase lag between pressure and flow (Westerhof and Noordegraaf, 1970) .
Computations.
During each period of measurement, cardiac cycles were selected for analysis from steady-state portions of the record, and during a period when ventilation was temporarily halted (15-20 sec). Waves were selected for analysis only when cycle length, peak values, and values at the beginning and the end of each cycle did not vary by more dian 1 per cent in 8-15 consecutive cycles. Ordinates of aortic pressure and of aortic flow were manually digitized at 20 msec intervals throughout the cardiac cycle, and the data were then transferred to punched cards together widi calibration constants, and dynamic calibration data. The data were subsequendy analysed by die KDF 9 computer of die Oxford University computing laboratory.
Calculation of aortic input impedance.
Fourier series analysis was performed on both the aortic flow and pressure waves (McDonald, 1960; Gersh, Hahn and Prys-Roberts, 1971) , and die first 10 harmonics of each wave were calculated widi appropriate corrections for phase lag inherent in die performance of the flowmeter (Reuben, 1970) . The modulus of impedance for each harmonic was calculated from the ratio of the moduli of pressure to those of flow:
where Z D is the modulus (amplitude) of the ndi harmonic of aortic input impedance (dyn sec cm-' x 10 3 ) AP n is the modulus of die nth harmonic of ascending aortic pressure (dyn cm-2 ) AF n is die modulus of die ndi harmonic of aortic flow (ml. sec-1 )
The phase angle for each harmonic was calculated as the difference between the phase angle of pressure and that of flow. A positive phase angle of impedance signifies that pressure leads flow (McDonald, I960).
<?n=e n +'% (2) where : <p n is the impedance phase angle of the nth harmonic (radians) On is the phase angle of the nth harmonic of aortic pressure (radians) •% is the phase angle of the nth harmonic of aortic flow (radians) The impedance at zero frequency was calculated as the ratio of mean aortic pressure to mean aortic flow, and is thus representative of the mean systemic vascular resistance.
Calculation of energy terms.
Instantaneous power was calculated from the product of aortic pressure and aortic flow, sampled at 20msec intervals throughout the cardiac cycle, and expressed in erg sec-1 x 10 3 . Pressure-flow work throughout the cardiac cycle was calculated:
2K
Pressure-flow work = / AP (t).AF(t).dt in erg x 10" 0 (3) where: 2x represents one cardiac cycle AP(t) represents aortic pressure as a function of time AF(t) represents aortic flow as a function of time Kinetic work was calculated: 2* kinetic work= / ^mv 2 in erg x 10 5 0 where: m is the mass of blood ejected in one cardiac cycle, and was obtained by dividing the stroke volume by the density of blood (assumed to be 1.055).
v is the velocity of blood in the ascending aorta, obtained by dividing instantaneous flow by the measured cross sectional area of the aorta at the site of the flow transducer, and neglecting the skew profile of aortic velocity in the ascending aorta (Schultz et al., 1969) .
Total work was obtained by adding the pressureflow work and kinetic work for each cardiac cycle. Gravitational work, or the work done by virtue of the vertical height of the blood above some reference plane was neglected since all experiments and measurements were referred to a constant reference plane at the level of the left atrium (Bergel and Milnor, 1965) .
Steady work throughout the cardiac cycle was calculated from the product of mean aortic pressure and the stroke volume, and expressed in erg x 10".
Pulsatile work was obtained as the difference between total work and the steady work. The kinetic component of pulsatile work was neglected since its magnitude is very small.
Left ventricular external stroke work was calculated during systole, as the integral of instantaneous power up to the onset of diastole (as indicated by the reversal of aortic flow), and adding to this the kinetic work.
In each experiment, the values used in the statistical calculation for each variable represented the mean of between 8 and 17 values from consecutive cardiac cycles.
RESULTS

Aortic input impedance
The principal characteristics of aortic input impedance in the control state during chloralose/urethane narcosis are shown in figures 1, 2 and 3. From the value at zero frequency (the mean term of impedance equivalent to the systemic vascular resistance), impedance moduli decrease very markedly to reach a minimum value, usually at the second or third harmonic. The frequencies at which the minima and subsequent maxima occur depend on the transit time between the site of recording and the sites of pulse wave reflection-the latter depending on the dimensions of the arterial vascular bed and on the aortic pulse wave velocity (O'Rourke and Taylor, 1967) . These authors stressed that the fluctuations in the moduli and phase relationships of impedance occur at frequencies which are dependent on the size and shape of the animal, and that features of such impedance spectra may be lost if many spectra from different animals are pooled and averaged. Consequently we have not averaged the data obtained in this study, but give examples which are typical of the overall data obtained. The most striking general feature of all the impedance spectra analysed was the very steep fall from the value of the mean term of impedance to the values of impedance moduli at higher frequencies. The amplitudes of the frequency dependent moduli of impedance were only 2 to 5 per cent of the mean term, and were consequently of little significance in terms of the hydraulic load presented to the left ventricle during ejection. Observations were made during 10 experiments in 9 dogs, these being the same experiments and the same consecutive cardiac cycles which were analysed to produce the results of our previous paper . Typical spectra representing the 10 groups of measurements of impedance before and during the administration of halothane are shown in figure I. Impedance at zero frequency (equivalent to mean pressure divided by mean flow) was lower following administration of halothane but the differences compared with the control state were not statistically significant. No consistent changes in the moduli of aortic impedance were noted at any frequency, nor were there any changes in the positions of the maTimq and minima of the impedance spectra.
Aortic impedance spectra were obtained on four occasions in two dogs before and after the administration of trimetaphan, and a typical set of spectra is shown in figure 2 . Infusion of trimetaphan resulted in a very large fall in impedance at zero frequency, but an increase in the moduli of impedence at frequencies between 4 and 16 Hz. No shift in the positions of impedance minima or maYimq was observed.
Aortic input impedance was measured on 6 occasions in 3 dogs before and during the infusion of phenylephrine, a typical spectrum is shown in figure  3 . Phenylephrine caused a large increase in the mean term of impedance at the first harmonic, but a decrease in the impedance at higher frequencies. No consistent shift in the positions of impedance maxima or minima were observed. The phase angles of impedance were generally more negative during infusion of phenylephrine, becoming positive at 10 Hz rather than 4 Hz as in the control state.
Energy distribution.
In 20 sets of measurements during chloralose/ urethane narcosis, involving analysis of over 200 cardiac cycles, pulsatile work was found to vary between 5 and 13% (mean 10%) of the total work, and kinetic work was found to range from 1 to 4.7% (mean 2.4%) of total work.
The effects of halothane administration on the distribution of power and work arc summarized in table I. Halothane administration resulted in statistically significant reductions of instantaneous power throughout the cardiac cycle, and especially peak developed power (fig. 4) . Left ventricular external (systolic) stroke work, total work and kinetic work were also significantly reduced, and although the ratio of pulsatile to total work increased significantly, the changes were minor compared to those observed during administration of trimetaphan.
The effects of trimetaphan on the distribution of power and work are summarized in table II. Trimetaphan resulted in a marked reduction of mean aortic The right hand panels show the oscillatory components with an expanded scale for the y axis. Note that although the impedance to mean flow was strikingly reduced by trimetaphan, the impedance to oscillatory flow was increased and became a significant contribution (38%) to the total impedance as compared with the contribution in the control state (4%).
blood pressure and the mean term of impedance, and these were associated with reductions of left ventricular systolic stroke work, peak power, total work and steady work. Pulsatile work increased on 3 out of 4 occasions, and the ratio of pulsatile to total work increased from 10 to 40 per cent. The effects of phenylephrine on the distribution of power and work are summarized in table HI. Phenylephrine administration significantly increased peak power, left ventricular (systolic) stroke work, steady and total work, whereas pulsatile and kinetic work and the ratio of pulsatile to total work were not significantly changed.
DISCUSSION
The characteristics of the impedance spectra found in over 200 cardiac cycles analysed during chlora- lose/urethane narcosis in the present study were similar to those described for the ascending aorta in anaesthetized dogs by Patel, De Freitas and Fry (1963) . Attinger, and associates (1966) and O'Rourke and Taylor (1967) , and in conscious dogs by Noble and associates (1967) . O'Rourke and Taylor used a semi-automatic online method of data processing, and demonstrated more prominent fluctuations of impedance moduli with freqeuency, and these authors, together with Patel, De Freitas and Fry (1963) found that phase angle was generally negative throughout the frequency range covered. In the present study, the phase angles of impedance were negative at low frequencies, and became more positive at frequencies above 3-6 Hz, a pattern which agreed with the findings of Attinger and colleagues (1966) and Noble and colleagues (1967) . This difference is almost certainly accounted for by the fact that Patel and his colleagues, and O'Rourke and Taylor measured aortic pressure at a site some distance from that of the flow transducer, whereas in the present studies, pressure and flow were measured at the same point (Westerhof and Noordergraaf, 1970) . Fluctuations in the impedance spectrum with frequency have been explained on the basis of pulse wave reflection from sites distal to the point of measurement (McDonald, 1960) . He showed that the distance from the site of measurement to the site of wave reflection was a quarter of the wavelength at the frequency of the first impedance minimum. The absence of significant fluctuations, indicating an absence of significant wave reflection in the aorta, is in contrast to that found in a simple elastic rube with a closed end, or in a vascular bed having a single predominant site of wave reflection such as the pulmonary circulation (Bergel and Milnor, 1965; Reuben, 1970; Reuben et al, 1970; Foex and Prys-Roberts, 1972) , or the femoral vascular bed (McDonald, 1960; O'Rourke and Taylor, 1966) . In this study and others, the relatively smaller fluctuations in impedance magnitude with frequency may be due to wave reflections not reaching the ascending aorta, or because they may be cancelled out as a result of the different times at which the same wave is reflected from the lower and upper halves of the body (Noble et al., 1967) .
The low values of the frequency dependent moduli of impedance and the "flat" appearance of the spectrum are compatible with the behaviour of a system designed to minimize the work which the heart has to do to maintain pulsatile flow. Taylor (1964) has reviewed the factors which determine such an impedance spectrum, and emphasized the importance of (a) non-uniform distribution of arterial elasticity, (b) the distributed nature of the arterial system and (c) the attenuation of oscillations caused by energy losses in overcoming blood viscosity and arterial wall visco-elasticity. In the control state in our study, pulsatile work was only a small fraction of the total work, a value which agrees with that of O'Rourke (1967) , and which indicates the efficiency with which the heart is "decoupled" from the peripheral vascular bed by the impedance characteristics of the aorta. If the ventricle pumped blood directly into the peripheral resistance, the pulsatile energy losses would be approximately fifty times as large (O'Rourke, 1967) . Whereas changes in the impedance characteristics of the pulmonary vascular bed have been shown to accompany the administration of agents known to cause constriction or dilatation of various segments of the pulmonary circulation (Bergel and Milnor, 1965; Reuben et al., 1970; Foex and PrysRoberts, 1972) , agents which cause marked changes in the mean term of aortic impedance, trimetaphan and phenylephrine, did not cause significant changes in the frequency dependent components of impedance. Halothane was found to have insignificant effects on either component, thus it is clear that in the absence of changes in Pco 2 , changes which do occur in the systemic vascular bed as a result of halothane administration have a negligible effect on the load presented to the ejecting left ventricle. These findings demonstrate the ability of the vascular bed to minimize the pulsatile work load of the left ventricle, despite changes in the calibre of resistance vessels. These changes may markedly alter the mean systemic vascular resistance, and it is these changes which interact with those of contractility in modifying the performance of the ventricle as a pump.
Variations in the opposition to pulsatile flow may occur in the presence of aortic regurgitation (Urschel, et aL, 1968b) , with marked reductions of heart rate (O'Rourke, 1967) , and in situations whereby disease processes decrease the compliance of the arterial wall (O'Rourke, 1967; Urschel, et aL, 1968a) especially in the arteries of hypertensive patients (O'Rourke, 1970) . 
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